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Abstract 
In western Anatolia, Turkey, the thermal waters of Kızıldere, Bayındır, and Salihli represent excellent examples of 
thermal waters. The meteoric waters in the drainage area percolate at fault zones and permeable clastic sediments into 
the reaction zone of the roof area of a magma chamber situated at a probable depth of up to 5 km. Here the meteoric 
fluids are heated by the cooling magmatic melt and ascend to the surface due to their lower density caused by 
convection cells. The volatile components of CO2, SO2, HCl, H2S, HB, HF, and He that are released out of the 
magma reach the geothermal water reservoir where equilibrium between altered rocks, gas components, and fluids 
occurs. Finally, the thermal waters ascend along tectonic zones of weakness at the continental rift zones of the 
Menderes Massif, forming hot springs, gases, and fumaroles. These fluids are characterized by high to medium CO2, 
H2S, and NaCl contents. 
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1. Introduction 
In the Menderes Massif, the thermal fields of Kızıldere, Bayındır and Kurşunlu located in the rift zones of 
the Büyük Menderes, the Küçük Menderes and the Gediz have been selected for geochemical 
investigations. The aim of this paper is to report on the hydrogeochemical and isotope geochemical 
features of the thermal waters in the rift zones in combination with the origin and evolution of these 
waters and to design a hydrogeological model of the thermal waters. 
2. Geological setting 
The thermal fields of Kızıldere, Bayındır and Kurşunlu are located in the rift zones of the Büyük 
Menderes, the Küçük Menderes and the Gediz within the Menderes Massif (Fig. 1). This massif is one of 
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the oldest basements in Turkey and consists of (i) gneiss-core surrounded by a schist and marble envelope 
and (ii) an intensely deformed volcano-sedimentary sequence with incipient HP/LT metamorphism. The 
thermal field of Kızıldere consists of Paleozoic metamorphic rocks, such as gneisses, mica schists, 
quartzites and marbles of the İğdecik formation), and Late Miocene to Quaternary sediments of the the 
Kızılburun, Sazak, Kolonkaya and Tosunlar stratigraphic formations [2].   
The thermal field of Bayındır is located in the northern part of the rift zone of the Küçük Menderes. 
Quartzites, with a thickness of around 50-100 m, form the oldest rocks, with a well-developed fracture 
network, which is crucial for the circulation of the thermal waters. The mica schists are impermeable and 
play an important role for the formation of a thermal water reservoir in quartzites and marbles being an 
impermeable cap rocks and basement. The marbles occur as alternating layers in mica schists and have 
thicknesses from 10 to 200 m. These rocks show a good developed fracture system that is of major 
importance for the formation of thermal waters. The thermal fields of Kurşunlu and Çamurlu, located at 
Salihli in the rift zone of the Gediz, are composed of Permocarboniferous metamorphic rocks, Miocene to 
Pliocene sedimentary rocks and Quaternary alluvium.  
 
 
 
Fig 1. Geotectonic development of the Menderes Masif and continental rift zones. 1: Hg deposit of Halıköy, 2: Sb 
deposit of Emirli, 3: Au deposit of Küre. 
 
 
3. Hydrogeological features 
 
The drainage area of the thermal field Kızıldere occupies an area of around 150 km2.  For thermal waters 
discharged in channels, a rate of around 8 x 106 m3/y was measured. The river of the Büyük Menderes 
begins as a karst spring at Dinar near Isparta and the discharge rate of the river ranges from around 15-20 
m3/s in winter to 2 m3/s in summer. The thermal waters of Kızıldere originate from two different 
reservoirs: the Sazak formation at depths of about 400 m and the Igdecik formation at depths from 1000 
to 1242 m. The second reservoir forms the main ressource for the exploitation of thermal waters in 
Kızıldere and is formed by Paleozoic schists, quartzites and marbles. Reservoir temperatures lie in the 
range of 148 to 198 °C in the Sazak formation and in the range of 200 to 212 °C in the İğdecik formation. 
The gneisses occurring at greater depths form a third reservoir with temperatures from 250 to 260 °C.  
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A lowering of the pressure in the reservoir is observed due to extreme production, being dependant on the 
lack of a reinjection well. Moreover, there is evidence for a shift of steam outlets downward the 
catchment and a distinct lateral movement of the steam outlets to the catchment area of the geothermal 
power plant has taken place. The lowering of the steam outlet level of about 100 to 150 m is due to a 
decrease of pressure of about 15 bar. The surface temperatures are 96-100 °C in Kızıldere and 37- 88 °C 
in environs.  Groundwater flow in the drainage area of the thermal field in Bayındır is southwards on the 
northern part of the rift zone of the Küçük Menderes in Bozdag Horst, where the thermal water reservoir 
is supplied by meteoric groundwater; thereby, the Ilıca creek plays an important role.  
  
 
4. Hydrogeochemical features 
 
During the present study, 20 thermal springs, 12 drill holes and 16 springs were collected in different 
seasons from 1992 up to now. Additionally, we have collected about two hundred rock samples [2]. 
Generally, the thermal waters of Kızıldere, Bayındır and Salihli can be classified as Na-(SO4)-HCO3 type. 
The thermal waters of Kızıldere, Tekkehamam and Babacık can be classified as Na-(SO4)-HCO3 type, 
whereas the thermal waters of Pamukkale and Karahayıt show Ca-Mg-HCO3 water type [2]. The origin of 
Na+ in the thermal waters is linked to metamorphic rocks in the substratum, while carbonate rocks in the 
reservoir explain the origin for Ca2+ and Mg2+. The Na/K geothermometer gives a reservoir temperature 
of 220-248 °C in Kızıldere and 211-313 °C in environs. More specifically, the thermal waters of Kızıldere 
and environs are distinguished by (i) an enrichment of F-, Si4+ and B3+, (ii) an enhancement of trace metals 
such as As3+and Sb3+ and (iii) a depletion of base metals in combination with Fe2+ and Mn2+. According to 
such trends, the volatile components CO2, HS- and NH3 indicate a magmatic input; which could be 
conditionally confirmed by isotope analyses like δ11B. The thermal waters in Kızıldere and environs have 
fluorine contents up to 35 mg/l. On the one hand, these high contents can indicate a magmatic origin of 
volatile components but on the other hand, the increasing value of fluorine in thermal waters depends 
upon Ca2+ contents, because there must be a corresponding Ca2+ donor in the environment in order to 
release a corresponding amount of F-. Otherwise, fluorine ions remain released, and the fluid is enriched 
with F-. Depending upon temperature, fluorine and boron show a close correlation in thermal waters of 
Kızıldere and environs [2], such positive correlation is probably based on (i) interconnection of 
thermodynamic control processes and (ii) substitution of both elements in boron-bearing minerals. The 
thermal waters of Kızıldere represent average Si4+ contents of 115 mg/l, solubility equilibrium of Si4+ 
depends upon the modification of amorphous silica, which allows high Si4+ concentrations. As the 
thermal waste waters of the geothermal power plant of Kızıldere should be reinjected in order to supply 
the thermal water reservoir constantly and remove agricultural danger for citrus fruits in the rift zone of 
the Büyük Menderes in view of environmental aspects, the precipitation of Si4+ as precipitates represents 
a potential danger for the reinjection system as documented by thermodynamic and kinetic results [1]. 
Thereby, Si4+ precipitates will occur in the reinjection well depending on time, with regard to ion strength 
of pH values and temperature (below 100 °C). The thermal waters in Kızıldere have As values up to 1.08 
mg/l and Sb values up to 0.21 mg/l. Depending upon temperature, these elements show a close correlation 
in thermal waters which is the case in the rocks as well. The thermal waters of Bayındır are distinguished 
by a temperature of 46°C, a pH value of 6.9, an Eh value of -94 mV, an average EC value of 1015 μS/cm 
and an average TDS value of 1399 mg/l. They differ from the surface waters and groundwaters in respect 
to hydrogeochemical composition and standardization distinctly. In the thermal fields of Salihli, there are 
five thermal springs of Kurşunlu and Çamurlu and three production wells. Four of the thermal springs are 
located in Kurşunlu with temperatures from 96 to 36 °C. One of them is situated in Çamurlu. The thermal 
waters of Salihli are of Na-K-HCO3 type, and Ca-HCO3 type. In comparison to Kızıldere, the low 
contents of F-, SO42-, As3+ and Sb3+ and the high contents Mg2+ and Ca2+ in the thermal waters of Salihli 
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are distinctly conspicuous. The low contents of F- can be correlated with increasing Ca2+, because both 
elements in fluids can be precipitated as CaF2.  
 
 
5. Isotopic signatures 
 
The thermal waters of Kızıldere, Bayındır and Salihli can be classified as meteoric water due to the 
isotope ratio of δO and δ2H [2]. The 3H contents in thermal waters are attributed to atmospheric and 
anthropogenic effects. They indicate that the thermal waters of Bayındır and Salihli can be considered as 
mixing water. The thermal waters of Kızıldere show scarcely any mixing of young groundwaters, because 
3H contents are below the detection limit. The 3H isotopes in thermal waters of Salihli show the existence 
of water mixing; therefore, the components of anions and cations are diluted in comparison to Kızıldere 
and occur in present concentrations. The ratios of δ13C in groundwaters, mixed waters and thermal waters 
reveal that the origin of CO2 can be linked to magmatic activity by sub-volcanism in basement rocks and 
to reactions with carbonate rocks. CO2 production in connection with carbonate rocks in the reservoir 
dilutes 14C in thermal waters, by which the age determination with 14C is almost impossible. 
 
 
6. Discussion: Hydrogeological modelling of the thermal waters in the Menderes Massif 
 
In active thermal fields of Kızıldere, Bayındır and Salihli, groundwater flow takes place in drainage areas 
from the upstream part of the watershed in horsts to lower places located around rift zones where the 
groundwaters ultimately reach the watercourse. The meteoric waters in the drainage area percolate at fault 
zones and through permeable clastic sediments into the reaction zone of a magma chamber situated at a 
probable depth of up to 5 km. Here, meteoric fluids are heated by the cooling magmatic melt and ascend 
to the surface due to their lower density, caused by convection cells. The volatile components of CO2, 
SO2, HCl, H2S, HB, HF, and He out of the magma reach the geothermal water reservoir where 
equilibrium between altered rocks, gas components, and fluids occurs. Thus, the geothermal waters 
ascend in the tectonic zones of weakness at the continental rift zones of the Menderes Massif in the form 
of hot springs, gases, and steams. These fluids are characterized by high to medium CO2, H2S and NaCl 
contents. It is very important that the fluids indicate a reduced pH-neutral environment after equilibrium 
adjustment with hard rocks in the reaction zone, namely in the roof area of magma chamber. In superficial 
areas, i.e. beneath a depth of 550m in Kızıldere with a pressure of 50 to 100 bar, a temperature of 200 to 
220 °C and a pH value of lesser than 5.0, fluids come to boiling by decrease of pressure; thereby, CO2 
and H2S rich steams are split off from thermal waters, which can lead to formation of sulfate-rich waters 
after condensation and surface oxidation [2]. 
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